The wetting and adhesion properties of undulated a-C:H surfaces were investigated. The nano-undulated a-C:H films were prepared by radio frequency plasma enhanced chemical vapor deposition (r.f. PECVD) using nanoscale Cu dots surface on a Si (100) substrate. FE-SEM and AFM analysis showed that the surface had nanoscale undulations. Raman spectra of film showed that the plasma induced damage with Ar ions significantly suppressed the graphitization of a-C:H structure. Also, it was observed that the untreated flat a-C:H surfaces had a water wetting angle of 72° and adhesion force of 333 nN. After the treatment for the undulated a-C:H surfaces whose surface morphologies change to an array of pillar asperities, its wetting angle of water increased up to 104° and adhesion force decreased down to 11 nN. These results agree with the estimation of real area of contact on the basis of Hertz and JKR adhesion models. The effect of the surface undulation treatment was discussed with the following factors: the surface morphology affinity to pillar shape, a reduction of the real area of contact and air pockets trapped in pillar double asperities of the surface.
Introduction
Hydrophobic surfaces are of considerable interest for various technological applications due to their superior tribological properties. Advances in nanotechnology including MEMS/NEMS have stimulated the development of new materials and design of surfaces which should require hydrophobic surfaces and interfaces with low adhesion and friction.
If it has a low wetting angle or high surface force a surface may show hydrophilic behavior in nano-scale and give high nano-scale friction force [1] [2] [3] . A hydrophilic or hydrophobic property of a surface (wettability) is characterized by the static wetting angle, or simply wetting angle, made between a water droplet and a surface. A surface is hydrophilic if the value of the wetting angle is less than 90˚, whereas the surface is hydrophobic if the value of the wetting angle is greater than 90˚. The wetting angle depends on several factors, such as surface energy, roughness, the manner of surface preparation, and surface cleanliness.
The hydrophobicity of a surface can also be increased by increasing the surface area by increasing surface roughness and creation of air pockets. In the past decade, many researchers have paid attention to the study of hydrophobic materials that can be found in nature.
Generally, DLC film is deposited by CVD method because its deposition rate is large and plasma control is easy on DLC. However, hydrocarbon gas is used as precursor in CVD. So it is impossible to remove hydrogen completely. To solve this problem, researchers focus on the roughening surface morphology.
Therefore we have tried to change the wetting properties of hydrophilic a-C:H to hydrophobic one with a novel deposition method of DLC with nano scale copper dots. The changing of surface properties was confirmed with the measurement of wetting angle of water and adhesion force against AFM diamond coated tip.
Experimental
To prepare undulated a-C:H surface, thin Cu film was deposited on Si (100) wafers by r.f. magnetron sputtering. Rapid thermal annealing (RTA) 4) of the sample at 800 °C for 1 min in pure Ar environment converted the Cu film into nanoscale dots. Size and width of the nano dots were dependent on the film thickness, RTA time and temperature as shown in Fig. 1 . The a-C:H film was deposited on the Cu dot surfaces with 13.56 MHz r.f. plasma enhanced chemical vapor deposition (PECVD) using mixed Ar and C 2 H 2 precursor gases. For a fabrication of rough cylindrical morphology, we used 3 layer deposition and Ar plasma etching. The a-C:H film was deposited to the total thickness of about 150 nm at working pressure 1.33 Pa.
Surface morphology of samples was observed using atomic force microscopy (AFM) and field emission scanning electron microscope (FE-SEM).
All measurements were carried out at 25±0.1 °C. The wetting angle measurement was carried out by a goniometer that analyzes the image of a sessile droplet on the surface (DI water volume: 0.4 µl). The surface wetting angle could be related to the adhesion force. The force-displacement curve of the specimens was measured with contact mode AFM with diamond coated tip (spring constant: 2.8 N/m, tip radius: 35 nm).
The real area of contact was estimated with Hertz and JKR models that used the measured mechanical properties such as hardness and elastic modulus of each layer by nano-indentation.
Results and discussion

Fabrication of undulated a-C:H surface
Undulated a-C:H film was deposited on the Cu nanoscale dots surface. After deposition, the plasma Ar etching of film was done at the pressure of 9 Pa for 1 minute at 300 W of r.f power. Figure 2 shows that high working pressure should be needed for the surface undulations after the observation with FE-SEM of each a-C:H layer deposited on a nanodots. asperity are observed as shown in Fig. 2(d) . RMS roughness, the width and height of asperity were 75 nm, 631 nm and 206 nm, respectively. It could be considered that the Ar ions induced damage during the deposition. After the observation with SEM, we could see re-cohesive among atoms by recombination of clusters. Using these processes, we see that deposition with high r.f. power and re-cohesive with plasma Ar etching could induce surface undulation.
Effect of plasma Ar etching and repeated deposition
Raman analysis was conducted for both flat and the undulated a-C:H films. Figure 3 shows that the spectra of the films with different stages. The flat a-C:H film as shown in Fig.  3(a) and (b) has a typical shape of the hydrogenated amorphous carbon film deposited by r.f. PECVD.
For the films with pillar asperities, disorder peak near at 1350 cm -1 5) appears as shown in Fig.3 (c), (d) and (e). With an increase in etching and deposition, the peak of the G band gradually shifts toward a higher wave number up to 1549.9 cm -1 , 1570 cm -1 and 1593 cm -1 . In addition to the G band, Fig. 3 (e) (3 rd layer) shows outstanding peaks due to the D band, which is characteristic of sp 2 bonding by graphitization. Therefore, graphite-like structures would increase with the repeated deposition and plasma Ar etching. From this analysis, it can be considered that the plasma induced damage with Ar ions and repeated deposition significantly affects the graphitization of a-C:H structure.
Wetting and adhesion properties of undulated a-C:H surface
Surface undulation affects the conventionally measured wetting angle of the each a-C:H layer. In the case of a flat surface, wetting angle were 72˚and 76˚ the typical values of hydrogenated amorphous carbon film. However, application of undulation to the a-C:H film increased water wetting angle to 83˚, 95˚and finally 104˚ as shown in Fig. 4 .
It can be seen that surface characteristic was changed to hydrophobicity with surface undulation. Because undulation surface made air-pockets, the wetting angle would increase.
It can be generally said that wetting angle of the undulated surface was higher than that of flat surface. The adhesion characteristics of flat and undulated surfaces were investigated with a diamond coated tip of radius of 35 nm under an applied normal load of near 0 nN and a relative humidity of 30%.
The adhesion force properties of flat and undulated a-C:H films were summarized in Fig. 4 . The adhesions of flat surface were 277 and 333 nN. However, the undulated a-C:H film showed a rapid drop in adhesion to 8, 16 and 11 nN. The adhesions were almost independent of the wetting angle.
The nanoscale adhesion against a diamond coated tip was measured with AFM. Undulated surface showed smaller adhesion than the flat as shown in Fig. 4 . It can be considered that the real area of contact between the AFM tip and undulated surface should be smaller that the flat. Figure 5 shows the typical force displacement curve of flat and undulated a-C:H films and adhesion forces. The adhesion force can be calculated from the vertical difference of displacement after pull-off. It shows that the dominant mechanism in adhesion force is the real area of contact between the tip and sample rather than an increase in surface undulation that arise when a surface is hydrophilic.
The contact model between AFM diamond coated tip and sample is illustrated schematically in Fig. 6 . In Table 1 , the difference in real area of contact among the a-C:H samples are compared with Hertzian and JKR theory 6, 7) . According to the JKR theory, the real area of contact of the undulated surface was lower than flat a-C:H surface. It means that the real area of contact also affected nanoscale adhesion.
This result suggested that there could be two important factors that affected nanoscale adhesion. They are surface wettability and undulated morphology.
Conclusions
By a rapid thermal annealing of Cu thin film and CVD-DLC coating with r.f. plasma Ar etching and repeated deposition, undulated a-C:H surfaces were fabricated.
Surface undulation process significantly reduced the wettability of the surface and nanoscale adhesion. Usually a-C:H is hydrophilic, but the experimental results show that the surface characteristics were changed from hydrophilic to hydrophobic with applying the nano-scale undulation.
These specimens showed high wetting angle of water and small adhesion against a diamond coated AFM tip. The wetting angle was increased from 72˚ of flat surfaces to 104˚ of undulated dots, and the adhesion force was reduced from 333 nN to 11 nN in the while.
